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Lipophilic endocrine signals in metazoans, including C. elegans NRs into 9 classes that are also conserved in
arthropods and vertebrates ([6]; Gissendanner and A.S.,the steroid, thyroid, and retinoid hormones, alter
gene expression in target cells by binding to and unpublished data). NHR-8 is among these 15 conserved
C. elegans NRs. To confirm the placement of NHR-8,modulating the activity of nuclear receptor (NR)
transcription factors [1]. In vertebrates, xenobiotic we expanded the analysis to include the ligand binding
domain (LBD) sequences in addition to DBD sequences,and pharmacologic compounds can regulate the
expression of protective metabolic enzymes via comparing NHR-8 to representatives of the major NR
subfamilies defined in a comprehensive analysis of NRspecific “xenobiotic sensing” NRs [2–4]. Here, we
report evidence suggesting that this activity is an evolution [7]. The results further support the inclusion
of NHR-8 in the VDR/PXR/CAR class (Figure 1).ancient conserved function for the NR class
containing these receptors. Specifically, we show
that a Caenorhabditis elegans member of this NR To determine the likely spatial expression pattern of
class, nhr-8, is required for wild-type levels of nhr-8, we examined green fluorescent protein (GFP) pro-
resistance to the toxins colchicine and chloroquine. duction from a reporter gene containing GFP-coding se-
The nhr-8 promoter is active in the nematode gut, a quences fused in frame to the third nhr-8 exon.Transgenic
tissue that also expresses the ABC transporter, animals bearing this reporter express GFP exclusively in
PGP-3, which contributes to defense against these intestinal cells, beginning in embryos shortly after cellular
toxins [5]. In contrast to pgp-3 mutants, nhr-8 differentiation and continuing throughout the life of the
mutants are not more sensitive than wild-type to transgenic animals (Figures 2a,b, data not shown). The
pyocyanin-dependent killing by the pathogenic expression of the nhr-8::GFP reporter in the intestine
bacterium Pseudomonas aeruginosa. We conclude suggests that nhr-8 plays a role in some aspect of gut
that NHR-8 functions in the nematode xenobiotic function such as digestion, absorption of nutrients, yolk
defense system and that NHR-8 and PGP-3 have production [8], and/or the defense against ingested and
overlapping, but distinct, spectra of toxin endogenous toxic substances [5].
specificity.
To probe the biological significance of nhr-8, we obtained
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Homozygous nhr-8(ok186) animals are viable and grow as
well as wild-type under standard laboratory conditions,Results and discussion
The genome sequence of the nematode Caenorhabditis indicating that their ability to digest food, absorb nutri-
ents, and produce yolk proteins is not severely impaired.elegans reveals over 260 predicted NR genes ([6]; A.S.,
unpublished data). Initial comparative analysis of the We therefore tested nhr-8(ok186) animals for toxin resis-
tance, as studies of ABC transporters have implicatednematode NRs, based on the highly conserved DNA
binding domain (DBD) sequences, placed 15 of the wild-type intestinal function in defense against ingested
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Figure 1 Figure 2
Characterization of the nhr-8 spatial expression pattern and nhr-
8(ok186) deletion allele. (a,b) The nhr-8::GFP was constructed by
a two-step PCR cloning strategy [26] and contains 6.8 kb of
upstream genomic sequence, the nhr-8 transcription and translation
start sites, and 49 nhr-8 codons fused in frame to GFP-coding
sequences. A total of five independently isolated nhr-8::GFP fusion
plasmids were used to generate transgenic nematode strains. All
transgenic strains exhibited identical GFP activity. (a) DIC
micrograph of a transgenic larva (arrows mark the anterior/posterior
extent of the intestine of the transgenic larva) and a wild-type larva
(indicated by an arrowhead). (b) Epifluoresence micrograph of theNHR-8 is a member of the VDR/PXR/CAR subfamily of NRs. A
animals in (a), revealing fusion protein expression only in theneighbor-joining tree of selected conserved NR sequences was
transgenic animal. (c) PCR amplicons from nhr-8(ok186) genomicgenerated with CLUSTAL_X as described in Materials and methods.
DNA were sequenced to reveal a large deletion removing 1.3 kbBootstrap values from 1000 replicates are represented by hatch
including four exons and the 3 splice junction of the last intron. Themarks on the supporting branches: (/), 50%–79%; (//), 80%–94%;
DBD is designated by the stipled box. The nhr-8(ok186) sequenceand (///), 95%– 100%. Branch points marked with dots were
is indicated with the exon sequence in capital letters, the intronpreserved in a maximum parsimony analysis of the same sequences.
sequence in lower case letters, and the lesion represented by aSequences included are identified in Supplementary materials and
tilde. (d) Northern blot. Each lane contains 30 g total RNA purifiedmethods.
from mixed stage cultures of wild-type (lane 1) and nhr-8(ok186)
(lane 2) animals. An nhr-8 probe detects a wild-type transcript of the
expected size (1.6 kb). A smaller 0.8 kb transcript is detected
in RNA from nhr-8(ok186) animals, consistent with the size predicted
for a spliced mRNA produced from the remaining 5 end of thetoxins [5]. nhr-8(ok186) homozygotes are more sensitive
gene. A pgp-3 probe detects pgp-3 RNA in both the wild-type andthan wild-type animals to the toxins cholchicine and chlo-
nhr-8(ok186) lanes. ama-1 mRNA was detected on the same blot
roquine (Figure 3). Furthermore, nhr-8(ok186) animals are to control for RNA loading and integrity (ama-1 encodes the large
as sensitive to the toxins as mutants homozygous for a subunit of RNA polymerase II, [27]).
putative null allele of the ABC transporter gene pgp-3 (Fig-
ures 3a,b). Evaluation of transgenic rescue of nhr-8(ok186)
in the toxin sensitivity assay was inconclusive due to the
from bacterial proliferation within the nematode gut [10,variable transmission of C. elegans transgenes. However,
11]. Wild-type C. elegans is reasonably resistant to fastRNA-mediated interference [9] of nhr-8 function also re-
killing, unless exposed to the pathogenic bacteria in asults in increased toxin sensitivity, demonstrating that
high-osmolarity environment. In contrast, nematodeswiththe phenotype is due to the reduction of nhr-8 function
double mutations for pgp-3 and another endodermally ex-(Figure 3c). We find that nhr-8(RNAi) animals are more
pressed ABC transporter, pgp-1 [5], are sensitive to fastsensitive to the toxins than nhr-8(ok186) mutants, sug-
killing even in a low-osmolarity environment [12]. Wegesting that the nhr-8(ok186) protein may harbor residual
tested the pgp-3 and nhr-8 mutants for susceptibility toactivity (Figure 3c). Taken together, these data indicate
fast killing by P. aeruginosa. We found that pgp-3(pk18),that NHR-8 contributes to xenobiotic resistance.
but not nhr-8(ok186), animals aremore sensitive thanwild-
type to this bacterial toxicity (Figure 4). Importantly, thisAnother toxin known to kill C. elegans is the aromatic
observation demonstrates specificity in the toxin sensitiv-pyocyanin, phenazine, produced by the pathogenic bacte-
ity of nhr-8(ok186) animals.rium Pseudomonas aeruginosa. This pathogen killsC. elegans
by two modes: “fast killing”, which requires bacterial
phenazine production, and “slow killing”, which results The similarities in colchicine and chloroquine sensitivity
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Figure 3 Figure 4
nhr-8(ok186) is not sensitized to fast killing by P. aeruginosa. The
graph shows the percentage of worms killed after 6 hr of exposure
to the PA14 strain of P. aeruginosa. P. aeruginosa fast-killing assays
were performed as described [12]. Each column is the mean  the
standard error of five replicates of 15 L4 larvae. Sorbitol was included
to increase the osmolarity of the plates, as required for fast killing
by P. aeruginosa [10].
between nhr-8(ok186) and pgp-3(pk18)mutants, alongwith
their different susceptibilities to phenazine, demonstrate
that NHR-8 and PGP-3 have overlapping, but distinct,
toxin specificities. pgp-3mRNA levels are not dramatically
altered in nhr-8(ok186) mutants (Figure 2d). It is a formal
possibility that pgp-3 expression in nhr-8(ok186) is due to
expression in tissues that do not containNHR-8, as PGP-3
is present in the pharynx, the excretory cell, and the gut
[5], while we only detect nhr-8 promoter activity in the
gut. However, since these tissues are comprised of only
a few cells and the gut is responsible for the majority of
pgp-3 expression [5], it seems likely that pgp-3 transcrip-
tion is not reduced in nhr-8(ok186) animals, a finding that
is consistent with the observation that nhr-8(ok186) ani-
mals do not exhibit the full spectrum of toxin sensitivities
found in pgp-3(pk18) animals. Also consistent with over-
lapping, but distinct, functions for the two genes is the
finding that reduction of nhr-8 function in pgp-3(pk18)
mutants, via either the nhr-8(ok186) allele (Figures 3a,b)
or nhr-8(RNAi) (data not shown), further reduces toxin
resistance. However, full analysis of any genetic interac-
tion between the two genes awaits isolation of a definitive
null allele of nhr-8.
Loss of nhr-8 and pgp-3 activity causes increased toxin sensitivity. In vertebrates, exogenous xenobiotic and pharmacologic
The graphs indicate the percentage of animals surviving to the adult
stage versus increasing concentrations of toxin. Each column shows
the mean  the standard error of the percentage of surviving progeny
to the injected RNA is daf-12 (41% nucleic acid identity), which isfrom four hermaphrodites. For some points, the standard errors are
required for the development of the dauer larva. Injection of nhr-8too small to be seen. (a,b) The nhr-8 and pgp-3 mutants display
dsRNA does not prevent dauer formation (data not shown), indicatingvery similar sensitivity to both (a) colchicine and (b) chloroquine. Both
that the injected RNA does not impact daf-12 function and themutants are more sensitive to the toxins than wild-type animals. (c) nhr-
effects are specific to perturbation of nhr-8 function. The injection8(RNAi) phenocopies the nhr-8(ok186) toxin sensitivity. RNAi was
procedure does not cause toxin sensitivity, as animals injected withperformed by injection as described [28]. To minimize the potential
GFP dsRNA are no more sensitive to colchicine than are uninjectedfor cross-interference with other NR genes, the double-stranded nhr-8
animals.RNA employed did not include the sequences encoding the
conserved DBD. Other than nhr-8, the C. elegans gene most similar
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Consortium. We recovered nhr-8(ok186) homozygotes that had beencompounds can regulate gene expression via specific
outcrossed four times, using PCR to detect the deletion allele in themembers of the NR class containing NHR-8 [2–4]. For
single parent of a clonal population (strategy described in [22]). The
example, human PXR responds to a variety of structurally final outcrossed strain, AE501, was used in all assays. nhr-8(ok186);
diverse compounds by activating the expression of the pgp-3(pk18) (strain AE505) animals were obtained by crossing pgp-
3(pk18) males (strain NL131, [5]) to homozygous nhr-8(ok186) her-CYP3 cytochrome P450 enzymes that modify ingested
maphrodites. PCR detection was used to detect the mutant alleles inxenochemicals and endogenous metabolites [13–16]. Like-
the cross progeny.
wise, human CAR and chicken CXR also regulate the
expression of cytochrome P450 genes in response to xeno- Toxicity assays
biotics [2, 17]. NR-activated metabolism of xenobiotic Toxicity assays were performed in polystyrene 12-well tissue culture
plates. Concentrated stock solutions of toxins were made in completecompounds in vertebrates occurs primarily in the liver
S medium [23], purified through 0.22m nitrocellulose filters, and diluted[2–4]. Nematodes do not have a liver, and many of the
to produce appropriate working solutions. Because we did not measurefunctions of vertebrate hepatic tissues are performed by the toxin concentrations following filtration, the molarities of the solutions
the nematode gut. That PXR and CAR act as xenobiotic are estimates. A bacterial food source was added to the assay by resus-
pending pelleted E. coli (OP50, [24]) in the working solutions. Serialsensors in tissues analogous to the nematode gut suggests
dilutions were made in bulk and aliquoted into individual wells (1 ml perthat this class of NRs has retained an ancient NR function.
well).In vertebrates, xenobiotics act as ligands for PXR, CAR,
and PPAR [3]. We speculate that colchicine and chlo- To assess killing by the toxins, single hermaphrodites were allowed to
roquine function as ligands for NHR-8. One model of lay eggs in individual wells for a 12 hr interval and were then transferred
to fresh wells. Hatched larvae were observed over the course of 7 daysthe evolution of NR ligand regulation proposes that the
for survival to adulthood (wild-type animals complete postembryonicancestor of the VDR/PXR/CAR subfamily was among the
development within 3 days, [25]). Data for each toxin and nematodefirst NRs to gain ligand binding capabilities [18]. The combination is the average of the total percent lethality of the progeny
conservation of an ancient xenobiotic resistance function from three 12 hr collections from four hermaphrodites.
coupled with the endodermal expression of these recep-
Supplementary materialtors is consistent with this hypothesis.
Supplementary material including an nhr-8 developmental Northern
analysis and additional methodological details is available at http://
We propose that pgp-3 and nhr-8 contribute to two modes images.cellpress.com/supmat/supmatin.htm.
of toxin resistance: mechanical removal of toxins by the
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